Summary: Brain trauma is associated with acute func tional impairment and neuronal injury. At present, it is unclear to what extent disturbances in ion homeostasis are involved in these changes. We used ion-selective mi croelectrodes to register interstitial potassium ([K +]e) and calcium ([Ca 2 + ]e) concentrations in the brain cortex following cerebral compression contusion in the rat. The trauma was produced by dropping a 21 g weight from a height of 35 em onto a piston that compressed the cortex 1.5 mm. Ion measurements were made in two different locations of the contused region: in the perimeter, i.e., the shear stress zone (region A), and in the center (region B). The trauma resulted in an immediate increase in [K +]e from a control level of 3 mM to a level >60 mM in both regions, and a concomitant negative shift in DC po tential. In both regions, there was a simultaneous, dra matic decrease in [Ca 2 +]e from a baseline of 1.1 mM to 0.3-0.1 mM. Interstitial [K +] and the DC potential nor malized within 3 min after trauma. In region B, [Ca 2 +]e Excitatory amino acids (EAAs), i.e., aspartate and glutamate, are generally thought to play an im portant role in receptor-mediated neuronal damage in traumatic brain injury (TBI). In animal models of TBI, in vivo microdialysis studies have shown dra matic transient increases in interstitial (IS) EAAs (Faden et al., 1989; Katayama et al., 1990; 
Excitatory amino acids (EAAs), i.e., aspartate and glutamate, are generally thought to play an im portant role in receptor-mediated neuronal damage in traumatic brain injury (TBI) . In animal models of TBI, in vivo microdialysis studies have shown dra matic transient increases in interstitial (IS) EAAs (Faden et al., 1989; Katayama et al., 1990 ; Nilsson recovered to near control levels within 5 min after ictus. In region A, however, recovery of [Ca 2 +]e was signifi cantly slower, with a return to near baseline values within 50 min after trauma. The prolonged lowering of [Ca 2 +]e in region A was associated with an inability to propagate cortical spreading depression, suggesting a profound functional disturbance. Histologic evaluation 72 h after trauma revealed that neuronal injury was confined exclu sively to region A. The results indicate that compression contusion trauma produces a transient membrane depo larization associated with a pronounced cellular release of K + and a massive Ca 2 + entry into the intracellular com partment. We suggest that the acute functional impair ment and the subsequent neuronal injury in region A is caused by the prolonged disturbance of cellular calcium homeostasis mediated by leaky membranes exposed to shear stress. Key Words: Traumatic brain injury-Rat Calcium ion-Potassium ion-Ion-selective microelec trode-Interstitial fluid-Cortical spreading depression. et al., 1990) following ictus. It has also been dem onstrated that N-methyl-D-aspartate (NMDA) an tagonists attenuate neurologic deficits and the in crease in [K +]e following TBI (Faden et al., 1989; Hayes et al., 1988; Katayama et al., 1990) . One of the proposed mechanisms behind the toxic effects of EAAs is that they give rise to high levels of in tracellular (IC) [Ca2 +] (for reviews, see Choi, 1988; Siesjo and Bengtsson, 1989) .
Disturbances of ion homeostasis in acute brain injuries have been studied extensively by means of ion-sensitive microelectrodes, measuring IS ion concentrations and electrical potential, i.e., direct current (DC) potential (reviewed by Hansen, 1985) . In situations with a shortage of energy in the brain, e.g., ischemia and hypoglycemia, a similar pattern of massive ionic movements occurs (Harris et al., 1984; Hansen and Nedergaard, 1988) . Typically, there is an influx of Na + and CI-(and osmotically obliged water) to the IC compartment, causing a shrinkage of the extracellular (EC) and a swelling of the IC compartment. Concomitantly, there is an ef flux of K + to the EC compartment and a negative shift in the DC potential, reflecting membrane de polarization (see Hansen, 1985) . These events, in cluding the release of EAAs, are accompanied by Ca2+ influx that could exert its toxic effects, lead ing to enhanced neuronal injury (for references, see Siesjo and Bengtsson, 1989) .
At present, information on ionic movements in TBI is limited. Electrophysiological results were re ported by Walker et al. (1944) , suggesting a "break down of the polarized cell membrane of many neu rons" immediately following the trauma, which re sulted in an electrical discharge within the central nervous system. These findings were corroborated by Takahashi et al. (1981) in a model of closed head trauma (9,000 g cm), where measurements with ion selective microelectrodes showed a significant in crease in [K +]e in the cortex. Katayama et al. (1990) The present investigation was undertaken to study acute trauma-induced changes in [K + ]e' [Ca2+]e' and DC potential in the perimeter (region A) and in the center (region B) of the contusion (Fig. 1) . We also sought to determine if any regional differences in ionic disturbances could be corre- Shaded area represents region of contusion. Ion-selective microelectrode positioning was in the perimeter (region A) and in the center (region B) of the contusion. CSD was elic ited by pin prick along the anterior edge of the craniotomy (indicated by arrow).
lated to the distribution of neuronal injury in our particular model of TBI. A preliminary report has been published in abstract form (Hillered et aI., 1992) .
MATERIALS AND METHODS
Twenty-two male Sprague-Dawley rats weighing 309-358 g from M91llegaard (Copenhagen, Denmark) were used in the experiments. They had free access to pellets and water. Anesthesia was induced by placing the rats in a gas mixture of 3% halothane and 0 2 :N 2 0 (1:1). After induction, they were intubated and artificially ventilated in a small animal ventilator (Harvard Apparatus, South Natick, MA, U. S. A.) with 1.5% halothane and 0 2 :N 2 0 (1 :3). Arterial and venous catheters were implanted in the tail vessels and fixed with sutures. The mean arterial blood pressure (MABP) was continually measured and arterial blood gases were checked throughout the exper iment. Blood glucose levels were registered prior to and after trauma. Based on previous temperature recordings, a lamp was placed over the craniotomy to prevent a drop in brain temperature during the experiments (Nilsson et al. , 1990) .
Following catheter preparation, the animals were placed in a stereotaxic frame and local anesthetic (lidocaine s. c. ) was administered over the galea. Halo thane was excluded and the animals were maintained on a gas mixture of 0 2 :N 2 0 (1:3) and given muscle relaxant (succinylcholine, 5 mg ml-1, 0.2 ml every 15-20 min). A craniotomy was made over the right parietal cortex diam eter of 6 x 9 mm) with its center 1.5 mm posterior to the bregma and 2.5 mm lateral to the midline. Trauma was produced by dropping a 21 g weight from 35 cm onto a piston (diameter of 4.5 mm) resting on the dura. The pis ton was constructed to allow a maximum compression of 1.5 mm (Feeney et al., 1981) .
Double-barreled ion-sensitive microelectrodes (Hansen and Zeuten, 1981) were used to register the IS concentra tions of Ca 2 + ([Ca 2 +]e), K+ ([K+]e), and DC potential. The liquid ion exchanger for [K +]e measurements was based on valinomycine and for the [Ca 2 +]e measurements on a calcium ionophore (ETH 1001). The electrodes were positioned by micromanipulators in the perimeter (region A) and in the center (region B) of the trauma region (Fig.  1) . A small slit was made in the dura and the electrodes were placed 1 mm below the surface of the cortex. A baseline value was established prior to the trauma and then the electrodes were removed. Immediately after trauma, the electrodes were replaced, within about 1 min after trauma, into exactly the same position as before. Registration was carried out up to 70 min after the insult. The electrodes were calibrated before and after the ex periment in ion solutions with known concentrations. The electrodes were connected to high impedance differential amplifiers and the signals displayed on a pen recorder. The DC potential was recorded between the reference barrel and a grounded Ag/ AgCI electrode placed in the hind paw.
To test the functional integrity of the injured cortical tissue after trauma, cortical spreading depression (CSD) (Leao, 1944) was produced at 12-15, 30, 45 , and 60 min postinjury by pin pricks to the noninjured cortex along the anterior edges of the craniotomy (Fig. 1) . A lack of ionic changes typical for CSD (as noted), recorded in re gion A or B, was taken as a sign of functional disturbance of the tissue. The placement of the electrodes per se did not produce CSD.
Global ischemia was produced at the end of the exper iment by giving the animals an i. v. bolus of lidocaine that resulted in immediate cardiac arrest. In two animals, the [K +]e electrodes were repositioned in region A, 0.2 and 1.0 mm lateral to their initial placement to determine the width of this region. In two other animals where [K +]e was recorded, the electrodes were initially placed in the contralateral hemisphere and were left in place during the trauma. In one of these animals, a K + electrode was placed on the ipsilateral side but outside the trauma area and was left in place during the trauma.
Morphology
Ten of the rats were used to define the gross and light microscopic changes induced by the impact. A saline so lution of 1% Evan's blue in 5% albumin was injected i.v. (dose of 1 ml/l00 g of body weight) before the production of injury to reveal any changes in the permeability of the blood-brain barrier.
The rats were reanesthetized with ether after a survival period of 3 days. The thorax was rapidly opened and the brain perfusion fixed by infusion of 250 ml of physiolog ical saline solution followed by 250 ml of 4% formalde hyde solution through the left ventricle and using the opened right atrium as an outlet. Following perfusion fix ation, the brains were dissected from the cranium and placed in 4% formaldehyde solution for at least 24 h. The distribution of stained or unstained regions in the brain was evaluated macroscopically after the perfusion of the rats. The injured region was divided in half and the sec tions were dehydrated and embedded in paraplast. Five micron coronal sections were made and then stained with hematoxylin-eosin (H-E).
Statistical analysis
For comparison of multiple means within groups, sta tistical analysis was performed using one-way analysis of variance and Tukey's mUltiple range test (Statgraphics 2.6, STSC Inc., Rockville, MD, U.S.A.). Differences with a p value <0.05 were considered statistically signif icant.
Ethics
The experimental protocol was approved by the local ethics committee for animal research.
RESULTS

Physiological parameters
Physiological parameters were maintained at the following levels: temperature of 37.soC, Peo 2 be tween 4.7 and 5.5 kPa, P0 2 of 11-18 kPa, pH of 7. 35-7.45 , and MABP at 120 mm Hg. In two ani mals, slightly abnormal values were occasionally recorded (Peo 2 of 5.9 and pH 7.3). The results from these experiments were within the range of the oth ers and these animals were therefore not excluded from the study. Blood glucose was 9.8 mM on av erage (range of 8.7-11.9 mM) before and 10.3 mM (range of 8'<�11.5 mM) after trauma in all animals.
Morphology
Extravasation of Evan's blue (EB) was seen in all of the animals and corresponded with the region showing the least amount of staining with H-E, i.e., region A ( Fig. 2A,B) . A few of the animals had small hemorrhages near the cortical surface in the medial or lateral parts of region A. More than one half of the brains showed a widening of the cortex on the injured side compared to the contralateral side, suggesting the presence of edema. Four of the animals had macroscopic signs of necrotic changes either in the lateral or the medial part of region A while region B was normal. None of the animals had hemorrhages in the meninges.
Microscopic changes were dispersed in region A, showing paler H-E staining and a reduced density of nerve cell bodies (Fig. 2B-F) . In all 10 animals, region A contained neurons in the outer and middle cortical layers with enlarged nuclei as well as less compact chromatin structure compared with the ad jacent and contralateral tissue, neuropil that was less homogenous in structure, and contained micro vacuoles. In two-thirds of the animals, eosinophilic neurons were present in the paler-staining region A. Eight animals had small hemorrhages in the cortex in region A, or near the midline in the corpus cal losum. Perivascular edema was seen in all but one of the rats. A more comprehensive morphological study is under way (P. Nilsson, Y. Olsson, and L. Hillered).
Measurements of interstitial [K+]
Interstitial [K +] in region A (Fig. 1) was mea sured in seven animals and in four of these simul taneous measurements were made in region B. Af ter trauma, [K +]e was dramatically increased from 3 mM to a mean value of 40 mM in region A and 55 mM in B (Fig. 3) . The fact that it took -1 min to reinsert the electrodes after trauma suggests that (Fig. 2E,F) in the outer and middle cortical layers. E and F: Middle and outer cortical layers in lateral (E) and medial (F) parts of region A (indicated by stars in the center) exhibiting reduced density of nerve cell bodies and changes in chromatin structure and neuropil along with microvacuolization and perivascular edema (arrow).
CSD response at later time points. In region B, CSD response was normal at all time periods tested (>5 min) after ictus. In contrast, there was no dif ference in the ischemic response between the two regions. [K +]e rose following ischemia and reached maximum levels of � 70 mM in both regions (not shown in the lower panel of Fig. 4 due to electrode failure). 
Measurements of interstitial [Ca 2 +]
In seven animals, measurements were made in region A and in four of these simultaneous measure ments were made in region B of the trauma site ( Fig. O. Ionic changes in response to the insult dif fered between the two regions. Immediately after trauma, [Ca2 +]e decreased dramatically from a basal level of 1.1 mM to 0.1 mM in region A and 0.3 mM in region B (Fig. 5) . In region A, recovery of [Ca2 +]e was significantly delayed compared with region B. At 50 and 5 min, respectively, [Ca2 +]e had recovered to near baseline values in the two differ ent regions. Figure 6 shows examples of ISM recordings of [Ca2 +]e and DC potential from region A (upper panel) and region B (lower panel). The marked dif ference in recovery pattern for [Ca2 +]e can be clearly seen. There was no response to CSD in re gion A at 12-15 min after trauma. Further measure ments at �30, 40, and 65 min showed only a partial recovery of CSD response with some fluctuations in [Ca2 +]e but minimal increase in DC potential changes. However, in region B, there was a rapid recovery to normal CSD responsiveness. Here the response was impaired initially, e.g., lower ampli tude for DC potential, at 15 min, but after 39 min the responses were normal (Fig. 6) . The CSD response did not appear to be dependent upon the [Ca2 +]e recovery in respective regions but rather upon the time elapsed from ictus. The recovery pattern for [Ca2 +]e did not appear to be affected by CSD prov ocation, i.e., once the depolarization wave had passed, [Ca2 +]e levels returned to the same level and recovery pattern as before CSD. Figure 7 shows the effect of complete cerebral ischemia (cardiac arrest) on [Ca2 +]e in region A. Three of the animals (nos. 1, 2, and 3) showed a rapid decrease to �0.2 mM followed by a slow, further decrease to between 0.1 and 0.15 mM. This group of rats showed the most pronounced recov ery of CSD response. In the other three animals (nos. 4, 5, and 6), ischemia produced a decrease in [Ca2 +]e to �0.3 mM with no further decrease in concentration (Fig. 7) . These animals showed no recovery in CSD response. In region B, ischemia led to a rapid decrease in [Ca2 +]e to �0.15 mM and then a slow further decrease to 0.1 mM (data not shown), i. e., a similar pattern as seen in rat nos. 1, 2, and 3 in region A.
Mapping of region A and CSD propagation
Measurements with the K + electrodes in and near region A, with the electrodes 1.0 mm into the cortex, revealed that there was a sharp border be tween region A and the adjacent tissue. This border was defined by an impaired CSD response in region A compared to a normal CSD response in region B or outside the trauma site. Lateral movement of the electrode by 0.2 mm was sufficient to result in this difference in response. The K + electrode that was in place in the ipsilateral hemisphere, but outside the trauma region, showed a transient CSD re sponse after a time lag corresponding to a propaga tion speed of 3 mm/min (data not shown). In the two animals where measurements were made in the con tralateral hemisphere, we could not see any change in [K +]e or a spread of CSD to that side following trauma.
DISCUSSION
Our model of cerebral compression contusion trauma, modified after Feeney et al. (1981) , pro duces a mild injury with reversible neurological def icits (forelimb flexion, retraction of hindlimbs) and scattered neuronal injury, exclusively confined to the perimeter of the contusion site (region A; Figs.  1 and 2) . The present study has extended our knowledge of trauma pathophysiology in the rat brain. We used ISMs to measure the interstitial con centrations of K + and Ca2 + in two regions of the impact zone: in the perimeter or shear stress zone (region A) and in the center (region B).
The results clearly show that the trauma caused a dramatic change in the interstitial concentrations of K +, Ca2 +, as well as a negative shift of the DC potential in the impact zone similar to what is seen during ischemic and hypoglycemic depolarization (Harris et al., 1984; Hansen and Nedergaard, 1988) . The observed changes in ion concentrations closely resemble those seen during CSD (Leao, 1944; Hansen and Zeuthen, 1981) , since they are sponta neously reversible. Mechanical stimulation of the cortex is sufficient to elicit CSD (Leao, 1944; Bures et al., 1974 ) and a CSD-like phenomenon has been reported following fluid percussion trauma (Kubota et al., 1989) . We also observed ion disturbances that resembled "normal CSD" in the ipsilateral hemi sphere outside the trauma zone, with a time delay that is in agreement with elicitation in the trauma region and a rate of spread of 3 mm/min. There was, however, no spread of CSD to the contralateral side. It is also important to note that apart from the initial changes in IS ion concentrations, we never observed spontaneous changes or CSD, as has been demonstrated in focal ischemia following middle ce rebral artery occlusion (Hansen and Nedergaard, 1988; Gill et al., 1992) .
The measurements in the present study have led us to define two different regions of the traumatized zone: region A, situated in the perimeter (i.e., the shear stress zone) showing a prolonged lowering of [Ca2+]e and a transient loss of its capacity to sup- port CSD; and region B, the center region, exhibit ing a short-lived disturbance of ion homeostasis (like a CSD) but otherwise retaining its capacity to maintain CSD. Trauma-induced tissue damage was also exclusively found in region A (Fig. 2) . What caused the observed ionic shifts following TBI? An earlier microdialysis study of region A in our model has shown dramatic (10 to 25-fold) tran sient increases in IS glutamate and aspartate con centrations (Nilsson et al., 1990) . Similar findings have been reported after fluid percussion TBI (Faden et al., 1989; Katayama et al., 1990) . This transmitter release could open ion channels, leading to the observed ionic movements. This conclusion is supported by the effects seen following in vivo administration of the EAA antagonist kynurenic acid prior to trauma, which resulted in an attenua tion of the [K +]e increase following fluid percussion injury (Katayama et al., 1990) . The observed ionic changes may also have been elicited by stretch activated channels that have been shown to be non selective in their effect on ion fluctuations (Sachs, 1991) . This could explain the more pronounced Ca2 + disturbance in region A since this zone, lying directly under the circumference of the piston, is subjected to tearing forces (shear stress) during the impact.
Our results also showed a clear difference be-P. N1LSSON ET AL. tween regions A and B in their ability to handle CSD. We routinely elicited CSD by a pin prick in the cortex outside the impact zone. We found that region B responded normally except for the initial CSD at 15 min posttrauma, which showed a slightly lower amplitude than normal. Region A, however, showed no response during the first 15 min post- (Young et aI., 1982b; Chesler et aI., 1991) . There are, in principle, several mechanisms by which the interstitial ion concentrations may be changed. In a short time se quence like a CSD, exchange across the cell mem brane is the most important. In long-term distur bances, transport from unaffected regions and ex change across the capillaries also contribute. The sustained lowering of [Ca2+]e in conjunction with spinal cord trauma has been extensively discussed by Young et al. (1982a) . We believe that the pro longed lowering of [Ca2+] [Ca2 +]e levels, as well as transport across the blood-brain barrier counteract this effect.
In the present study, we showed that extravasa tion of EB occurred in the trauma region but did not determine the time course of the event. Abnormal exchange via the blood-brain barrier is not impor tant for the ion normalization following trauma un less we assume that only K + is transported or that plasma levels of Ca2 + are severely lowered. Al though plasma levels of [Ca2 +]e were not measured, there is no reason to believe that they were signif icantly changed. Instead, we suggest that the rapid recovery of [K +]e in region A reflects the large ca pacity of the brain cells to buffer increased [K +]e either by normal cellular uptake and/or spatial buff ering. The homeostatic mechanisms for [Ca2 +]e are not as effective and cannot immediately counteract the sink action of the damaged cells in region A. A reduced capacity to handle calcium by the cells in region A is suggested by the observation made after induction of the complete cerebral ischemia (car diac arrest). This paradigm was selected because it is a well-characterized phenomenon with regard to IS ion changes (Hansen, 1985) . For a majority of the animals, we obtained the expected response to isch emia with an increase in [K +]e to � 70 mM and a decrease in [Ca2 +]e to 0.1 mM (Hansen and Zeuthen, 1981) . However, in three of the animals, we found that the decrease in [Ca2 +]e in region A was smaller than expected (Fig. 7) . The same ani mals showed no recovery of the CSD response. This observation may reflect a more severe IC Ca2 + overload in these animals with a smaller gradient driving Ca2 + from the EC to the IC compartment at the time of anoxic depolarization.
In conclusion, this is the first study providing di rect evidence in support of an immediate depolar ization following cortical compression contusion, associated with a cellular release of K + (increase in [K + ]e) and a massive influx of Ca2 + to the IC com partment (decrease in [Ca2 +]e). The Ca2 + distur bance was distinctly prolonged in region A (shear stress zone), where functional impairment (inability to propagate CSD) and neuronal injury were ob served. We suggest that calcium overload caused the trauma-related cell death in region A.
